Background: Prospective observational studies suggest that maternal diets rich in leafy green vegetables and fruit may
Introduction
Gestational diabetes mellitus (GDM) 9 is a common disorder of pregnancy associated with increased risks for the mother [obstructed labor and later type 2 diabetes mellitus (T2DM)] and baby (congenital malformations, macrosomia, and neonatal hypoglycemia). Offspring of mothers with GDM have an increased risk of developing adult obesity and T2DM (1) . Risk factors for GDM are similar to those for T2DM (older age and greater adiposity) and the prevalence is rising everywhere (2) . The Hyperglycemia and Adverse Pregnancy Outcomes study showed that the complications of GDM increase linearly across the range of plasma glucose values, leading to debate about the best clinical criteria for diagnosing GDM (3, 4) . Although improved management of GDM reduces obstetric complications (5) , treatment can be onerous, and it is unknown whether long-term complications in the offspring are reduced (6) . Strategies to prevent the disease are therefore needed.
Observational studies suggest that maternal diet may influence GDM risk (7) (8) (9) . A lower intake of saturated fat, red or processed meat, refined grains, and sweets, and a higher intake of fiber, fruit, vegetables, poultry, and fish, before or during pregnancy, is associated with a lower prevalence (7, 8) . Higher plasma vitamin B-12, C, and D concentrations have also been associated with lower risk (7, 9) . There is similar evidence for T2DM (10, 11) , and prospective studies have shown that a higher intake of dairy products (12) and leafy green vegetables (13, 14) predict lower risk. Observational studies are subject to confounding, and these findings need to be tested in randomized intervention studies. However, most dietary trials to prevent GDM have focused on reduction in weight gain during pregnancy, with little impact (15, 16) .
South Asians are at high risk of GDM, and studies in India have recorded prevalence rates of 6-17% in urban populations (17) . Project SARAS (''excellent'') was a randomized, controlled trial in India in which womenÕs diets were supplemented with a daily snack made from leafy green vegetables, fruit, and milk, preconceptionally and throughout pregnancy. The primary objective was to increase birth weight. In the intention-to-treat analysis, there was no overall increase in birth weight; however, there was an interaction (P < 0.001) with maternal prepregnancy BMI such that birth weight increased by 63 g (95% CI: 11, 115 g) in the treatment group compared with controls in mothers of normal or high prepregnancy BMI (in kg/m 2 ; >18.5) (18) .
Women were offered an oral-glucose-tolerance test (OGTT) at 28-32 wk gestation because, although not a primary outcome, GDM status was an important covariate for the interpretation of supplementation effects on birth weight. The OGTT data enabled us to test whether the intervention benefited maternal metabolism as assessed by glucose tolerance.
Methods
Setting and participants. The trial took place from 2006 to 2012 in slums in the city of Mumbai, India (18) (see Supplemental Trial Protocol). Women were eligible if they were aged <40 y, married, not pregnant, not sterilized, planning to have more children, and intending to deliver in Mumbai.
Intervention. The intervention was a daily snack resembling local street foods such as samosas and fritters, prepared fresh each day and fried in sunflower oil. Treatment snacks contained leafy green vegetables in fresh (;30 g) or dried (;7.5 g) form, full-fat milk powder (12-16 g), and dried fruits (4-60 g) (Supplemental Tables 1 and 2 ). Control snacks were made from low-micronutrient vegetables such as potato and onion. To avoid monotony, we created multiple recipes from these foods (Supplemental Table 3 ). On average, treatment snacks contained 10-23% of the WHO/ FAO recommended Reference Nutrient Intake for b-carotene, riboflavin, folate, vitamin B-12, calcium, and iron; they contained 0.69 MJ energy and 6.4 g protein, compared with 0.37 MJ and 2.4 g in control snacks (Supplemental Table 2 ) (19, 20) .
Recruitment, baseline investigations, and randomization. Women were screened for eligibility, and individual written informed consent was obtained. We recorded education, occupation, and socioeconomic status with the use of the Standard of Living Index (21) . Tobacco use was recorded. Diet was assessed with the use of an FFQ, with the reference period the preceding week (22) . Weight, height, and triceps and subscapular skinfolds were measured with the use of standardized techniques. Women were individually randomly assigned and stratified by age and BMI (3 groups for each) (18) .
Blinding. Full blinding is impossible in a food-based trial. Although treatment and control snacks were outwardly similar, their contents looked different. To obscure allocation, we created 2 treatment and 2 control groups, each with its own recipes, which were merged for the analysis. Four different snacks therefore were produced daily. Staff who measured outcomes were blind to the womenÕs allocation group.
Supplementation. Snacks were produced daily except on holidays, packaged in color-coded bags, and transported to 61 supplementation centers. Women were asked to maintain their usual diet, and snacks were available from 1500 to 1800, to interfere least with meals. Women were offered 1 snack/d, and consumption was observed and recorded. Center staff recorded the womenÕs serial last menstrual period (LMP) dates. Compliance was defined as a mean of $3 snacks/wk from 90 d before the LMP date until delivery.
Pregnancies and OGTTs. Women who became pregnant were prescribed iron (100 mg) and folic acid (500 mg) in accordance with national guidelines. At a gestation of 9-13 wk, blood was collected to measure hemoglobin and plasma vitamin B-12 and folate. Plasma cobalamin (B-12) and folate were measured with the use of microbiological assays (23) (24) (25) (26) . At a gestation of 28-32 wk, women were offered an OGTT. Venous blood was collected after an overnight fast and 120 min after 75 g anhydrous glucose orally in water. Glucose samples were collected into fluoride tubes and analyzed by autoanalyzer (ERBA EM200; Transasia) in a single Mumbai laboratory within 6 h of venesection. Fasting insulin samples were placed on ice and centrifuged within 3 h at 450-700 3 g for 20 min at room temperature; plasma aliquots were stored at 280°C until analysis with the use of ELISA kits (Mercodia Ultrasensitive Insulin kits; Mercodia AB) with inter-and *To whom correspondence should be addressed. E-mail: chdf@mrc.soton.ac.uk. 9 Abbreviations used: GDM, gestational diabetes mellitus; LMP, last menstrual period; OGTT, oral-glucose-tolerance test; T2DM, type 2 diabetes mellitus.
intra-assay CVs <7%. GDM was diagnosed based on WHO 1999 criteria [fasting glucose $7.0 mmol/L (126 mg/dL) and/or 120-min glucose $7.8 mmol/L (140 mg/dL)] (27) . Women were referred to their own obstetricians for further GDM management.
Deliveries. Trained research nurses measured birth weight. Gestational age was calculated from the LMP date unless different by >14 d from that estimated by an ultrasound scan (9%) at <20 wk, when the latter was used (28) .
Outcomes. Outcomes for this analysis were GDM, fasting and 120-min glucose concentrations, and fasting insulin concentration. During the trial we used the 1999 WHO definition of GDM (27) . In 2013, the definition changed (29) Ethical approval and governance. The trial (ISRCTN62811278) was approved by the ethics committees of BYL Nair and TN Medical College, Grant Medical College, and Sir JJ Group of Hospitals, Mumbai, and Southampton and SW local research ethics committees. An independent data monitoring committee reviewed data on compliance, completeness of follow-up, pregnancy outcomes, and adverse events every 6 mo for the first 3 y of the trial and then every year.
Statistical methods. We compared baseline measurements between women who did and did not have an OGTT, and between allocation groups. We compared outcomes between allocation groups in all women who were randomly assigned, became pregnant and had an OGTT (intention-to-treat analysis), and limited to women who started supplementation >90 d before their LMP date (per-protocol analysis) (Supplemental Figure 1 ). We tested for interactions between allocation group and maternal age, BMI, height, and parity. Small-for-gestational-age and large-for-gestational-age births were defined in accordance with Oken et al. (31) and also ''within-cohort'' as <10th and >90th percentile based on singleton live births without major congenital abnormalities. Preterm birth was defined as gestation <37 wk. A t test, Mann-Whitney U test, or chi-square or FisherÕs exact test was used to compare groups for normally distributed continuous, nonparametric, and categorical variables, respectively; further comparisons of glucose concentrations between groups were made with the use of Kernel density estimates. Main results are reported unadjusted; we then used multiple regression to assess intervention effects on GDM while adjusting for maternal age, adiposity (subscapular skinfold thickness and/or weight at recruitment and subscapular skinfold gain and/or weight gain from recruitment to 28 wk gestation), height, parity, socioeconomic status, and compliance. Analysis was performed with the use of STATA version 13.0.
Results
A total of 6513 nonpregnant women participated in the trial, of whom 2291 became pregnant (Supplemental Figure 1 ). Of these, 241 had either an abortion or termination of pregnancy before 28 wk gestation, and we lost contact with 22 women. Of the remaining 2028, 1008 (50%) attended for an OGTT at a median (IQR) gestation of 29.7 (29.3, 30.4) wk. Women who did not have an OGTT were younger and of lower socioeconomic status and parity than women who attended ( Table 1) . However, there were only small differences in characteristics between allocation groups; in women who had an OGTT, those in the treatment group had lower baseline weight, BMI, and subscapular skinfold thickness than did controls; they also had thinner skinfolds at visit 1, but greater pregnancy weight gain ( Table 1 ).
The prevalence of GDM (WHO 1999 criteria) (27) was 9.9%. Both in the intention-to-treat and per-protocol analyses, the prevalence was lower in the treatment group (intention-totreat: 7.3% compared with 12.4%, P-difference = 0.008; OR: 0.56; 95% CI: 0.36, 0.86; and per-protocol: 7.5% compared with 13.1%, P = 0.01; OR: 0.54; 95% CI: 0.33, 0.86) ( Table 2) . This effect was independent of baseline and 28 wk skinfold measurements ( Table 3 ) or baseline and 28-wk weight, or all of these measures combined.
There was no difference between treatment and control groups when we used the WHO 2013 GDM criteria (29) (intention-to-treat: 8.9% compared with 11.1%, P = 0.27; OR: 0.79; 95% CI: 0.52, 1.20; and per-protocol: 9.1% compared with 11.2%, P = 0.32; OR: 0.79; 95% CI: 0.50, 1.26) or diabetes-in-pregnancy criteria (Table 2) . Moreover, there were no significant differences between allocation groups in mean fasting or 120-min glucose concentrations, or fasting insulin concentration. A Kernel density analysis (Figure 1 ) explained these findings, as well as the discrepancy between 1999 (27) and 2013 (29) criteria. There were more control women than treatment women with 120-min glucose concentrations in the range 7.5-10 mmol/L (P-heterogeneity = 0.06 in frequencies in 3 glucose groups, including <7.5, 7.5-10.0, and >10.0). Frequencies of normal or very high glucose concentrations were similar in both allocation groups (Table 2) There were no significant interactions between allocation group and maternal age, BMI, height, or parity in relation to any outcome.
Women who developed GDM were older and more adipose than women who did not (Supplemental Table 4 , 1999 criteria). They had a similar prepregnancy intake of leafy green vegetables, fruit, and milk. Overall, 25% of women were vegetarian (ate no meat or fish); women who developed GDM ate nonvegetarian foods more frequently than women who did not develop GDM. One-third of women were anemic in early pregnancy and 17% were vitamin B-12 deficient, whereas only 1% were folate deficient; there were no differences in the prevalence of anemia or B-12 or folate deficiency between women who did and did not develop GDM. There were more preterm births in the GDM group (P = 0.002) and fewer small-for-gestational-age births, as well as more congenital anomalies and emergency Cesarean sections (all borderline significant ;P = 0.1). Findings were similar for the 2013 criteria.
Discussion
In a large randomized, controlled trial in women living in Mumbai slums, a daily micronutrient-rich snack starting preconceptionally and continuing throughout pregnancy almost halved the prevalence of GDM based on WHO 1999 criteria (27) (OR: 0.56; 95% CI: 0.36, 0.86). The effect was independent of maternal adiposity. There was no effect on GDM diagnosed based on WHO 2013 criteria (29) .
Strengths of the trial include the individual random assignment, supervised supplementation, dating of pregnancies based on LMP and ultrasound, and standardized OGTTs. There are a number of important limitations to the GDM data. Only onehalf the women chose to have an OGTT. This resulted in a fairly small sample size (100 cases of GDM) and could have biased the results. The main reason women did not attend for the OGTT was that blood testing is greatly disliked, and although many obstetricians were pleased to accept our OGTT results, others preferred to carry out their own, in which case women were understandably reluctant to have another OGTT with our it is possible that women with a prior history of GDM were more likely to attend for an OGTT than those with no previous GDM history. We did not take blood 1 h after the glucose load, so it is possible that we missed some cases of GDM based on the 2013 diagnostic criteria (29) . However, all these issues would be expected to affect both allocation groups equally, so we think such issues are unlikely to have created spurious or biased results. The prevalence of GDM in our study is well within the range expected for an urban Indian population (2, 17) . Women who had an OGTT were older and of higher parity and socioeconomic status than were women who did not, and women in the treatment group were slightly lighter and less adipose preconceptionally than controls, but gained more weight during pregnancy. However, adjusting for these factors did not alter our findings. Because it was food-based, full blinding of our intervention was not possible. However, laboratory staff were blind to the womenÕs allocation, and it is difficult to see how lack of blinding could alter the womenÕs behavior in ways that would reduce GDM so markedly. Because of funding constraints, we had limited information on the womenÕs micronutrient status, which limits our ability to suggest mechanisms for the reduction in GDM. We measured only vitamin B-12 and folate, which have been linked to birth weight in Indian populations (32) (33) (34) . We did, however, carry out a separate study in nonpregnant women in a similar slum community in Mumbai, using the same supplements, specifically to measure a range of micronutrients before and after 3 mo of supplementation (vitamin C, b-carotene, retinol, ferritin, folate, vitamin B-12, and homocysteine) and found that, of these, only b-carotene concentrations increased (35) . It also would have been useful to record womenÕs physical activity to determine if this was part of the mechanism for the reduction in GDM. We have to consider the possibility that the intervention did not prevent GDM in the treatment group, but that the control snacks, which were lower in protein, increased the risk of GDM. This seems unlikely, because the control snacks contained less energy than the intervention snacks, and women in the control group did not gain more fat than those in the intervention group. Our results, in a predominantly vegetarian population with a very low baseline intake of leafy green vegetables, fruit, and milk, and in which the daily snack made a substantial difference in the intake of these foods, may not be generalizable to more affluent, nonvegetarian populations with a more diverse habitual diet. Neither was our trial designed to determine whether starting supplementation before conception rather than during pregnancy was important.
As far as we know, this is the first randomized trial in which it was possible to examine the effect of micronutrient-rich foods on GDM risk, albeit as a secondary outcome. The effect was large, translating to a number needed to treat of 20 (intentionto-treat analysis, 1999 criteria). Observational studies have shown that a higher ratio of polyunsaturated to saturated dietary fat, higher intake of carbohydrates relative to fat, and higher vitamin B-12, C, and D status are associated with a lower risk. The US NurseÕs Study found that higher ''prudent diet'' scores (a higher intake of fruit, leafy green vegetables, poultry, and fish) predicted a lower risk (RR in lowest intake quartile = 1.37; 95% CI: 1.09, 1.72) (36) . There is similar prospective evidence of protection against T2DM (10-14, 37, 38) . Two reviews of specific food groups found no relation between total fruit or vegetable intake and T2DM risk, but a subgroup of studies that gave separate information for leafy green vegetable intake showed an ;14% lower risk of developing T2DM in the highest than in the lowest intake categories (13, 14) .
We do not know which constituents of the snacks produced the effect. The main differences between the snacks were the fillings (leafy green vegetables, fruit, and milk in the intervention snacks compared with low-micronutrient vegetables in the control snacks). Other nutrients in the snacks came from the covering/binding ingredients and the cooking oil, which were similar in both groups, although the former were greater in quantity in the intervention snacks, resulting in 0.32 MJ more energy on average and 4 g more protein per snack. Leafy green vegetables contain the antioxidants b-carotene, vitamin C, and polyphenols. However, these have not prevented T2DM in randomized trials (39) . Leafy green vegetables are rich in magnesium, a higher intake of which has been associated with a lower risk of T2DM (40) and which reduce fasting glucose in trials (41) . The effect may be from FAs; leafy green vegetables are a rich source of long-chain v-3 PUFAs, which may improve insulin sensitivity by influencing the properties of cell membranes (42) . Leafy green vegetables also contain nitrates, which increase thermogenesis, oxygen consumption, and b-oxidation in rat adipocytes (43) . The association between higher dairy intake and lower risk of future T2DM has been attributed to calcium, vitamin D, or whey protein (12) . The snack format for this trial was chosen for pragmatic reasons after various preparations of the key foods were piloted. The fried snacks could be individually packaged, preventing contamination, and remained palatable after transportation to the supplementation centers. If leafy green vegetables, fruit, and milk, or any one of these foods, were the effective agents, we would not necessarily advocate their delivery in the form of a fried snack.
The different results from the 1999 (27) and 2013 (29) diagnostic criteria were explained by the fact that fewer women in the treatment group had 120-min glucose values in a middle impaired glucose tolerance range than controls (Figure 1 ). Glucose measurements below and above this range and mean glucose values were similar in both allocation groups. The WHO 1999 criteria defined GDM with the use of the same glucose cutoffs as for impaired glucose tolerance in the nonpregnant state (27) . The WHO 2013 criteria were based on 1) plasma glucose cutoff values associated with an OR of 1.75 (compared with mean values) for birth weight, newborn adiposity and cord blood C-peptide >90th percentile, and 2) a simulation exercise suggesting that smaller numbers would need to be screened to prevent adverse outcomes (29) . However, it is recognized that the cutoffs are still to some extent arbitrary (29, 44) , because the adverse maternal and neonatal outcomes increase linearly across the range of glucose concentrations, with no apparent thresholds (3, 4) . Our interpretation of our findings is that the supplement had no effect on glucose concentrations in women with normal glucose tolerance or in those with established diabetes in pregnancy, but that there was an intermediate group of women who were vulnerable to diabetes and whose metabolic competence was improved by the supplement. Our findings add to the debate about diagnostic cutoffs, and perhaps make a case for maintaining the impaired glucose tolerance range within the criteria for GDM. We measured maternal vitamin B-12 and folate status because of data showing a high prevalence of vitamin B-12 deficiency in pregnant Indian women, especially in rural communities, that is thought to result from vegetarianism (45, 46) , and an association between vitamin B-12 deficiency and GDM (9) . There was no difference, however, in vitamin B-12 status in early pregnancy between the intervention and control groups, and no association between vitamin B-12 status and GDM in our study.
In conclusion, the results of this randomized, controlled trial suggest that improving womenÕs dietary micronutrient quality may have important protective effects against GDM. Because GDM was not the trialÕs primary outcome and because of 50% nonparticipation for the OGTT, the findings would need to be replicated. However, they are consistent with observational research showing a lower risk of GDM and T2DM in association with the foods contained in the trial supplements.
